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Introduction
Feathers and mammary glands, and other ectodermal organs such as hairs, teeth and nails, derive from skin and result from novel epithelial-stromal interactions. In general, stromal signals suffice to induce dermal condensation and formation of an epithelial placode [1] (a localized area of epithelium destined for a new developmental fate), and subsequent morphogenesis and differentiation [2, 3] . Unique patterns of morphogenesis produce variations in the shape of ectodermal organs that enable animals to adapt to different niches, contributing tremendously to animal diversity [3] . It is truly amazing how a flat piece of epithelium is transformed into elaborate structures with specialized forms and functions (Fig. 1A) [3, 4] .
Here, we make a bold comparison of mammary glands and feathers. By searching for their evolutionary path, we can appreciate how species acquire new forms of ectodermal organs, among other changes, to best fit into ecological niches. Changing environments select for or against them. Feathers allow endothermy and flight, thus opening the sky as a new niche, enabling the evolution of the Avian class. Mammary glands provide an effective strategy for fostering the young, increasing the success of breeding and allowing further development outside the egg or uterus, which ultimately allowed the evolution of a large-sized human brain.
We compare the structure, function, morphogenesis and regenerative cycling of feathers and mammary glands (Table 1) . Several aspects of these ectodermal organs are parallel, although they may result from different developmental mechanisms. For example, both undergo extensive branching morphogenesis. In feathers, driven by mechanical advantage, branches are patterned in a hierarchical order, involving a process of differential apoptosis [1] . In mammary glands, driven by the advantage of more and better secretions to nourish the young [5, 6] , new branches form in a random pattern through bifurcation or sprouting of existing ducts and subsequent elongation [7] , increasing the milk producing surface area. In addition, the growth of some feathers and all mammary glands is regulated by sex hormones. Interestingly, both organs have acquired the secondary function of attracting mates. A peacock and human with extraordinary skin appendages are shown in Fig. 1B and C. The Venus by Botticelli shows today's standard of female beauty, in contrast to the Venus of Willendorf (Fig. 1D ) which presumably shows the standard of beauty 24,000 years ago, illustrating how human brains have remarkably changed in perception of beauty.
The saga started more than 310 million years ago. Diverging from their common ancestors, the early Amniotes gave rise to the Synapsida and Sauropsida. Synapsida started to evolve into the Mammals around 220-230 million years ago. Sauropsida started to evolve into the Aves around 170-190 million years ago. We first discuss the evolution of feathers and mammary glands, which, unavoidably, includes some speculation. The changes are based on the evolutionary novelty generated from changes in DNA or developmental processes. We discuss the recent insights in molecular and cellular events during organogenesis of feathers and mammary glands. As both feathers and mammary glands share an ability to molt or involute periodically followed by regeneration, we then compare post-natal cycling of feathers and mammary glands and the effects of sex hormones on cycling. At the end, we return to compare the salient features of these two ectodermal organs, and hope the Evo-Devo perspective will give readers a fresh appreciation of both feather and mammary gland biology.
Evolution of the feather
Reptilian scales, avian scales, and avian feathers result from epithelial-mesenchymal interactions, and may evolve from homologous structures [8, 9] . Scales, composed of thickened epithelia, have a round or rectangular shape. Some scales can overlap, producing an inner hinge-like membrane [3, 8, 10] . In contrast, feathers have a more complex topological organization, with three-leveled hierarchical branches (rachis, barbs and barbules) arranged with different symmetries and relative lengths. They also have a follicular structure at the base, allowing them to grow continuously and regenerate after molting [1, 9, 11] . How is the scale topologically transformed into the feather in development and in evolution?
The salient features of feathers were built step by step, selected and refined over about 50 million years of evolution (approximately from 190 to 140 million years ago) [3, 13] . There have been debates about whether feather-like appendages found on dinosaurs are true feathers. We need to specify distinct criteria by which to define feathers so we can judge the nature of those Mesozoic protofeathers [1, 13] . Here, we will compare feathers and scales based on the following criteria: (1) Proliferation in avian scales and reptilian scales is diffuse [10, 14] . In contrast, feather buds proliferate in a localized growth zone, first in the distal bud. As buds elongate, the localized proliferation zone gradually shifts to the proximal end at the base of the feather [3] . This topological arrangement allows for continuous proximal-distal feather growth. (2) Scales do not form follicular structures, while epidermis surrounding the feather bud invaginates into the dermis to form a follicular wall. (3) The mature scales are made of an epithelial shell and a mesenchymal core. The outside of the epithelial shell is the suprabasal layer. Feather bud mesenchyme loosens to become the pulp surrounded by a multi-layered cylindrical feather filament epithelium. (4) Scales do not form branches, while feathers do. (5) Scales do not grow or regenerate post-natally but feathers contain stem cells protected within the follicle [15] which can be induced to initiate the growth of a new feather. Only those skin appendages that fulfill all five criteria for feathers will be considered true feathers.
The discovery of feathered dinosaurs provides evidence of the many intermediate forms of evolving feathers [3, 12, 13, 16 and references therein]. The initial driving force for feather evolution is likely endothermy. This only requires skin appendages to trap the air. The skin appendages found in Sinosauropteryx probably belong to this category. There is no definite follicle structure and all appendages covering the body surface appear the same. The second driving force may be display and communication. For this purpose, regional specific feather tracts have evolved, as well as a central backbone of the feather, called the rachis, which converts radial to bilateral symmetry, and gives the feather a more rigid structure. The symmetric, pennaceous vaned feathers with interlinked barbs, found in the tail region of Caudipteryx are in this category. The Caudipteryx had longer legs than wings and was apparently not able to fly. Finally, bilaterally asymmetric feathers evolved in conjunction with other body modifications, allowing the most intriguing function of flight. There are still many unsolved issues. For example, how did the feathers covering all four legs of the microraptor work? Were the avian foot scales remnants of reptilian scales or the result of convergent evolution?
Evolution of the mammary glands
In the context of this review, it may seem coincidental that mammary glands seem to have evolved from a shared feature of birds and primitive mammals (monotremes): oviparity. However, based on an extensive study of literature in a wide variety of disciplines, Oftedal convincingly proposed that indeed eggs were at the cradle of the evolution of the mammary glands [5, 6] .
When the Amniotes, the earliest terrestrial vertebrates, explored the land, they had to prevent themselves and their eggs from dehydration. For although the Amniotes laid eggs with outer membranes and layers that permitted survival outside an aquatic environment, the egg shells were still permeable. While Sauropsida evolved a highly calcified impermeable egg shell to prevent evaporation of fluids from their eggs, the earliest Synapsids, instead, presumably used the "parchment" shell's permeability to replenish evaporated fluids with liquid secretions from their glandular skin, similar to existent amphibians with terrestrial eggs, such as salamanders.
The observation that monotreme mammary glands are fully secretory prior to egg-laying and during egg incubation [17] may support an egg-moisturizing function for these glands. The presence of a little fat and a variety of whey proteins suggests a nutritive function of these secretions that predominantly contain water, if transferred through the egg shell similar to the uptake of external salts and minerals by eggs of extant species. This suggests that synapsid skin secretions, although different in composition from milk, could be considered a primitive form of lactation. In that scenario, the evolution of lactation preceded the evolution of a defined mammary gland by about 150 million years.
How then did mammary glands evolve as a consequence of, rather than simultaneous with lactation? Oftedal's reviews [5, 6] may provide an answer: Supposedly, eggs of the earliest synapsids had a large yolk to feed the embryo until it hatched fairly precocial from the egg. Thus, initially "lactation" had a moisturizing rather than nutritive function, and a glandular skin provided an advantageously larger surface than localized glands to moisten many eggs. But when synapsids became endothermic, contact with the warm body of the egg-tending parent would promote egg dehydration. Dehydration was prevented by the evolution of a pouch, as inferred from fossil records of epipubic bones in some Mammaliaformes (the last pre-mammalians in the line of Synapsids). Among extant vertebrates, epipubic bones are only present in monotremes and marsupials, and are therefore believed to be associated with the existence of a pouch or the support of young hanging from nipples. The pouch served as a closed "incubatorium" for the eggs from which evaporation is prevented, and provided direct contact with the mother's skinsecretions. With the evolution of pouches, the diffusely glandular skin could be replaced by large secretory glands localized exclusively in the pouch skin.
In monotremes, the mammary glands open at the skin in mammary patches; areolae without nipples and covered with hairs from which secretions ooze. The hairs in the areola may be advantageous to the "moisturizer-function" in mediating the distribution of the secretions over the egg shell. The hairs are also compatible with the "feeder-function", as the hatchlings can suckle the milk-like secretions containing lipids and proteins from those structures. Interestingly, the approximately 300 specialized "mammary hairs" in the platypus are located on two "mammary" lines that run symmetrically in the anterior-posterior direction along the belly, lateral to the ventral midline. In higher mammals, a pair of such lines still exists during embryonic life. Dependent on the species, one or several pairs (e.g. up to nine in domestic pigs) of mammary glands develop on these lines. The number of glands relate to the number of young per clutch [18] . The evolutionary determinants that position the mammary line and individual mammary glands on this line in various species remain elusive and intriguing.
Viviparity of higher mammals made the egg-moisturizing function for their mammary glands obsolete. However, the altricial newborn depended more than oviparous hatchlings on the maternally derived nutrients. A hairless areola with a nipple allows for targeted delivery of larger volumes of a richer milk with less effort for the young. Therefore, we speculate that the evolution of this novel epidermal appendage may be associated with viviparity of mammals. The relationship between hair and nipples can be observed among other mammalian orders. In some marsupials (opposums), the mammary glands grow out from the sebaceous glands of hair follicles, which are lost during the formation of the nipple during late pregnancy [19] . Also, the mouse permanently loses the hair that borders the nipple late in its first pregnancy and subsequent lactation [20] .
Therefore, we can speculate that the multiple steps of mammary gland evolution progressed as follows: (1) Diffuse secretions from all over the skin to moisten eggs. (2) Clustering of these glands to a localized region. (3) Modifications of the secretions to contain fat, whey proteins and to have a higher nutritional value. (4) Increased efficiency in the secretion delivery apparatus. This includes the evolution of the areola and nipple and may be accompanied with myoepithelial cell mediated contraction. (5) The mammary gland becomes a display signal to attract a mate.
To come back to the bird, the transient loss of feathers is a feature of avian incubation patches, to optimize heat transfer to impermeable calcified eggs [21] . Thus, the hormonal underpinnings of lactation may have originated from the creation of specialized epidermal appendages required to tend to the young from the generalized skin appendages that cover the vertebrate integument.
Feather

Embryonic development of the feather
Embryonic feather formation has been reviewed recently [1] and is depicted schematically in Fig. 2A . Chicken skin begins to form at about embryonic day 6.5 (E6.5), when the skin is a single layer of epithelium overlying a single cell layer of mesenchyme. Shortly thereafter, the skin is divided into about 20 different feather tracts [11] . Each tract will contain feathers of a similar type and orientation although there can be size variation along the length of the tract. The dorsal tract, which is best characterized, expresses moderate levels of Wnt1, 3a, 5a and 11 at this time. After tract formation, cells begin to aggregate along the midline of the dorsal tract to form dermal condensations followed by the formation of epithelial placodes [22] , induced by FGFs [reviewed in 1]. BMP4 is expressed in the dermal condensations during early feather bud formation and later acts to inhibit feather bud formation in the interbud region. As feather placodes begin to form, the expression of Wnt1 and 3a become restricted to the placode epithelium while Wnt5a and 11 are elevated in the inter-tract and inter-placode regions [1] . The signal directing feather formation is thought to originate from the mesenchyme, while continuous epithelial-mesenchymal interactions are required for feather bud development. A wave of sequential feather placode formation progresses along the midline and then radiates bilaterally toward neighboring tracts. This process can generate 20,000-100,000 feathers distributed across the surface of a bird.
Subsequently, the placodes elongate and protrude from the skin surface to form short symmetric buds. Already at this stage molecular anterior-posterior asymmetries arise. Msx2 and tenascin C are expressed in the anterior bud epithelium, Sonic hedgehog (Shh) in the distal epithelium, while Wnt7a and β-catenin become restricted to the posterior bud epithelium. HoxC6 and NCAM are in the anterior mesenchyme, Notch is in the central mesenchyme while mRNAs encoding its ligands, Delta and Serrate are in the posterior mesenchyme. This asymmetric molecular expression is crucial for later bud elongation to form asymmetric long buds [reviewed in 3].
Next, the buds invaginate into the underlying mesenchyme to form feather follicles, aided by the expression of tenascin in the mesenchyme directly adjacent to epithelium [1] . The feather follicle epithelium contains an outer follicle sheath, within which reside a feather sheath, an intermediate layer and an inner-most basal layer. The dermis contains the dermal papilla at the base of the feather and central mesenchyme that forms the feather core above the dermal papilla (Fig. 3B) . The latter mesenchyme loosens to form the pulp as the feather continues to proliferate and elongate outward from the skin as small cone shaped extensions. The distal tip is the oldest part of the feather and differentiates first. Epithelial cells in the ramogenic zone invaginate to form barb ridges containing centrally aligned cells of the axial plate, surrounded by centripetally oriented cells of the barb plate. This is enwrapped by cells of the marginal plate [1, 23] . Shh becomes expressed in the marginal plate of the barb ridges, while barb plate and barbule plate cells express feather keratins [24] . Apoptosis in the feather sheath enables the feather to emerge [1] . Apoptosis of the axial plate cells, central pulp and Shh expressing marginal plate cells enables branching morphogenesis, releasing the barbs and barbules which give feathers their wispy appearance that enables them to provide warmth, and structure in the form of a feather vane to allow flight (Fig. 3E) . Hence, branching morphogenesis within feathers occurs by virtue of localized cell death in the multi-layered epithelial cylinder.
Post-natal cycling of the feather
Feathers cycle throughout the adult life of birds. The whole feather organ is replaced in each cycle. The feather cycle is marked by phases of growth, resting and initiation of a new cycle (Fig. 3D) [11, 15] . The length of the growth phase differs among the different tracts. The growth phase comes to an end when the blood vessels that feed the growing feathers dry up. The feathers then enter a resting phase during which they remain in place and undergo maturation, but do not elongate. Ultimately feathers become fully keratinized down to their base. This permits the feathers to shed away from the surrounding tissue through a molt [11] .
New feather follicle initiation depends on interactions between feather epithelial stem cells and the dermal papilla. Where are these epithelial stem cells located? Long-term label retention studies identified a small population of slow cycling cells located on the inner bulge of the feather collar epithelium just above the dermal papilla (Fig. 3B, shown in orange) [15] . Cell division of these stem cells yields faster cycling cells known as transient amplifying cells, which migrate up away from their site of origin and further proliferate or differentiate as needed during feather growth. Thus, placing the growth center near the feather base enables the regeneration of lost feathers.
Feathers of the first generation emerge prior to hatching. They are downy feathers that show radial symmetry and are plumulaceous (the barbs are not linked together by barbules). The first molt, about two weeks after hatching, replaces the radially symmetric feathers in a tract dependent fashion by bilaterally symmetric (e.g. body) or bilaterally asymmetric feathers (e.g. wing; Fig. 3A) . The upper portion of many of these feather barbs becomes pennaceous, which means their barbules link between adjacent barbs to form a feather vane, while the lower section of the feather often retains a plumulaceous character to continue to provide warmth [25] .
In radially symmetric downy feathers, the branches essentially grow vertically from the base of the feather; their distal ends droop toward the sides when branches lengthen. In contrast, the bilaterally symmetric and bilaterally asymmetric feathers branch out diagonally from the central backbone of the feather, called the rachis. An anterior-posterior Wnt3a gradient is necessary for the formation of bilaterally symmetric feathers and a rachis (Fig. 3C) . Uniform misexpression of Wnt3a causes radially symmetric feathers to form. A localized spot of exogenous Wnt3a produces an ectopic rachis [26] . BMPs function in postnatal feathers to promote the fusion of feather branches to make a rachis, while Noggin, a BMP antagonist, promotes more branch formation as determined by RCAS gene misexpression studies [23] [24] [25] [26] [27] .
Similar to the growth of mammary glands, feather growth is regulated by sex hormones. The tail feathers of roosters are longer and wider than those of hens [28] . A few anecdotal studies addressed the role of sex hormones in feather development: Capons (castrated roosters) grow longer tail feathers than intact roosters, suggesting that testosterone is not responsible for the increased length. In contrast, in unilaterally ovariectomized young female chicks the remaining ovary often produces androgens. These chickens develop long feathers as seen in roosters [29] . Birds with constitutively active aromatase activity convert androgen to estrogen in the skin and have female feathering [30] . So far, these studies have not been able to clarify whether androgen or estradiol determines gender-specific feather length. However, androgens seem to extend the tail feather growth period in roosters while the growth rate is essentially identical to that in hens [31] . In general, male plumage is more ornate than female plumage, but a possible androgen or estrogen involvement remains to be elucidated.
Mammary gland
Embryonic development of the mammary gland
Mammogenesis in the mouse occurs around E10.5-11.0, when the maturing embryonic skin is one or two cell layers thick, overlaying one or two layers of mesodermal cells [22, 32, 33] . On both flanks it starts with streaks converging into a mammary line: a band of multilayered ectoderm specifically expressing Wnt6 and Wnt10b [34] . The lines are partially induced by somitic ("mesodermal") FGF10 [33] and laterally inhibited by BMP4 [35] . Multilayered Lef1-expressing placodes (Fig. 2B) [38, 39] . The differentially impaired induction of distinct placode pairs in Lef1 −/− mice [40] , suggests that individual placode pairs transduce Wnt signaling differently. We have previously suggested that repressing Hedgehog signaling may be a critical determinant of mammary versus other appendage fate in ectodermal placodes [41, 42] . Indeed, Gli3-mediated transcriptional repression inhibiting Hedgehog signalling, was recently shown to be required for the formation of mammary placodes 3 and 5 [43] .
Like the feather buds, each mammary placode quickly becomes a spherical bud elevated above the surrounding skin at E12.5, but then invaginates into the dermal mesenchyme. This process requires Gli3 (Veltmaat et al., in preparation) and co-expression of Msx1 and Msx2 in the epithelium [44] , and coincides with the condensation of the adjacent layers of dermal mesenchyme that become the primary mammary mesenchyme (Fig. 2B) . Type I Receptor for PTH and PTHrP (PPR), as well as mesenchymal Wnt-signaling are required for induction of mammary mesenchyme and maintenance of mammary bud epithelium [40, 45, 46] . The buds subsequently regress in males through apoptosis induced by androgen receptor activation [45, 47] . In females, the buds enter a growth arrest around E14.5 [48] . Meanwhile, the deeper dermal mesenchyme condenses and differentiates into the secondary mammary mesenchyme or fat pad precursor in both sexes. Around E15.5, the buds in females resume growth and sprout into the fat pad precursor, depending on Msx2 expression [44, 49] and PTHrP/PPR signaling with downstream ␤-catenin activation in the primary mammary mesenchyme [46] . At E16.5, resulting from PTHrP/PPR induced differentiation of the mesenchyme, the epidermis overlying the sprout forms the nipple sheath characterized by a thickened patch of epidermis delimited by a bat wing-like invagination of the basal layer [46] . Whereas the structure of the nipple changes very little throughout prenatal life [50] several intercellular cavities are formed in the sprout, which coalesce to form a primary lumen, i.e. milk canal, that opens at the nipple [51] . The distal end of the sprout further elongates into the fat pad precursor and bifurcates. Before birth, these new branches undergo several rounds of elongation and bifurcation, giving rise to a rudimentary mammary tree [32, 52] . The ducts are short and consist of a single layer of luminal epithelial cells, which produce and secrete milk, and ultimately are ensheathed by an outer layer of myoepithelial cells around birth [53] . Myoepithelial cells express smooth muscle actin, enabling them to contract, facilitating the release of milk from the luminal cells [54] . Thus, although lactation is not needed until after pregnancy, the mammary gland is in principle capable of producing milk and delivering it to the nipple at birth (a.k.a. witch's milk in humans).
What regulates these early elongation and branching events? Heterochronic and heterotypic recombinations of mouse embryonic mammary epithelium with primary mammary mesenchyme or mesenchyme from other branching organs, reveal that elongation and branching in a pattern typical for mammary glands, is instructed by soluble factors from the mammary fat pad precursor [55, 56] . Production of such factors may depend on mammary epithelial PTHrP, activating the PPR in the fat pad precursor, which in turn is required for normal budding, branching and elongation of the epithelium [57] . To date, FGF10 is the only identified soluble stromal factor, required for epithelial branching. In the absence of FGF10, the fat pad precursor remains underdeveloped and contains only a poorly elongated and branched sprout [58] . As FGF10 is required for adipocyte differentiation in culture [59] , epithelial branching may depend on FGF10-induced adipocyte differentiation. In contrast to feather branching, mammary branching is not stereotypical: At birth, the size and branching pattern differ for each of the mammary trees. Moreover, branching pattern and size of mammary glands are not reproducible among individual pups, and even two glands of a single pair are not mirror images, suggesting that non-intrinsic factors likely play an additional role in epithelial branching morphogenesis [32] .
Post-natal development and cycling of the mammary gland
At birth, the primary duct of the mammary gland is surrounded by a thick layer of adipocytes, interspersed with fibroblasts. This stroma is separated from the epithelium by a basement membrane secreted by the myoepithelial cells [60, 61] . The growth of the mammary glands is proportional to body growth until puberty. In post-natal life prior to puberty, the nipple is barely distinguishable from the surrounding epidermis but gradually acquires the expression of specialized keratins [50, 62, 63] . As the nipple matures, multiple suprabasal keratinocyte layers develop over a unique connective tissue [50] .
During further post-natal life, mammary gland development (Fig. 4) occurs primarily in response to hormones, which act in concert with or upstream of other signaling pathways, too numerous to address here. Briefly, during puberty, in response to rising estrogen levels, the epithelial ducts grow and branch to fill the fat pad [64] . Some branches terminate in secretory alveoli, while others form extended lateral buds. The club-shaped distal ends (terminal end buds, TEBs) of the ducts are sites of highly proliferative cap cells that give rise to both luminal and myoepithelial cells. The TEBs are responsible for ductal elongation and branching, and thus considered the growth centers of the mammary gland [60] . In contrast to the proximally located growth center of the feather bud, the growth center in the mammary gland is thus located distally. Once the TEBs run into connective tissue surrounding other ducts or the capsule at the edge of the fat pad, they differentiate into terminal ducts. Within the center of the ducts, cells undergo apoptosis to form the lumen [65] . Most mammary gland differentiation occurs during pregnancy. Progesterone increases the proliferation rate of the epithelium, and permits expansion of the ductal network and alveolar formation [66] . In later stages of pregnancy, alveolar buds differentiate further into alveoli and milk secreting lobules, expanding to populate most of the fat pad [67] . During pregnancy, the connective tissue surrounding the ducts is replaced by adipocytes. At this stage the myoepithelial cells form a discontinuous border adjacent to the alveoli, allowing luminal epithelial cells to make contact with the basement membrane in close proximity to the adipocytes across the narrow strip of connective tissue. Association with adipocytes may be essential for the complete differentiation of the luminal epithelia into milk secreting cells [68] . Near term, the epithelial cells gain secretory vesicles for the secretion of milk [69] . Prolactin receptor activity mediated by STAT5 induces transcription of ␤-casein. This induction is suppressed by progesterone receptor activity [70] . Upon delivery, oxytocin induces contraction of the myoepithelial cells, squeezing the alveoli to release their milk proteins into the ducts during lactation [71] . In mice, this continues for approximately 3 weeks until the pups are weaned.
The nipple also changes with puberty and pregnancy. After puberty, the nipple grows out above the surrounding epidermis and is characterized with a distinctive thick cornified covering [50] . During pregnancy it triples in size under the influence of estrogen and relaxin [72] . This growth is accompanied by increased epidermal proliferation, expansion of the smooth muscle lining the primary duct and base of the nipple as well as a reorganization of collagen bundles and extracellular matrix components [50, 73] . Such pregnancy induced connective tissue reorganization fails to occur in the nipples of a mouse with reduced PPR expression [73] . The defective nipples of this mouse are unable to deliver milk, which is similar to the phenotype of the relaxin-null mouse [73, 74] .
The gland regresses during involution following lactation. Leukocyte Inhibitory Factor (LIF1) stimulates STAT3 activity which induces apoptosis during involution [75] , leading to loss of alveoli [76] . This process is balanced by the apoptosisinhibiting effects of type I Transforming Growth Factor (TGF) ␤ receptor activity [77] and Insulin-like Growth Factor II (IGF-II) [78] , the latter antagonized by Insulin-like Growth Factor Binding Protein 5 (IGFBP5) [79] . Simultaneously, the myoepithelium and luminal epithelium are pared back, and adipocytes fill in the empty space created by the loss of alveoli [80] . Ultimately, involution remodels the gland close to its virgin structure; however, some alveoli persist. The gland is now ready to resume the estrus cycle or ready for pregnancy.
Where are the stem or progenitor cells located from which the gland can regenerate during the next pregnancy? The TEBs that function as growth centers during puberty disappear after puberty, yet the regeneration of the gland with multiple pregnancies indicates the presence of stem cells in the post-pubertal mammary gland. Smith and Medina [81] first identified regenerative capacity in any portion of the mammary epithelium, indicating dispersed distribution of stem cells in ducts, ductules, and alveolar and lobular structures. They then proposed microscopically discernable large pale cells, mainly located in the basal layer of the epithelium, as stem cells [81] . Recently, FACS-sorting of mouse mammary epithelial cells identified an enrichment in cells capable of generating ducts with lumens, spheroid bodies, alveolar structures and myoepithelial cells, in a cell population with high ␤1-integrin expression. Some single cells from this population show properties of progenitor cells or self-renewal as they can regenerate a complete and normal mammary gland upon serial transplantation [82, 83] . Previously, Comma-D␤ mouse mammary cells were shown to have great mammary gland differentiation potential [84] . These cells express high levels of stem cell antigen 1 (sca-1) and have characteristics of basal (myoepithelial) cells, but can convert to a luminal cell fate upon stimulaton by EGF [85] , and show properties of self-renewal as they can regenerate a normal gland upon transplantation [86] . The dispersion of stem cells throughout the mammary gland thus contrasts with the concentration of stem cells at one site in the feather, corresponding with dispersed growth of the gland versus unidirectional growth from a growth zone in the feather. Although much still remains unknown, roles for Wnt and Delta-Notch signaling seem involved in "stemness" as well [87, 88] .
Conclusion
We propose that various epithelial appendages result from epithelial-mesenchymal interactions and become specialized structures to confer specialized functions to help animal species adapt to different ecological environments [2] . Epithelial appendages derived from ectoderm are called ectodermal organs. Here, we compared the Evo-Devo of feathers and mammary glands, two highly successful ectodermal organs which became the cardinal characteristics of Class Aves and Mammalia, respectively (Table 1 ). This implies that species possessing these ectodermal organs were so advantaged that their progenies expanded and diversified to form a whole class.
The highlights of the common and different features in these ectodermal organs are: (1) Both are derivatives of the skin. The specified mesenchyma and epithelia form ectodermal organs to exert special functions which help the species compete better. (2) For feather, the driving force is selection for mechanical structures which are versatile to serve thermoregulation, display and flight functions. (3) For mammary gland, the driving force is the selection for chemical secretions which can best nourish the offspring. (4) In the evolutionary path of both ectodermal organs, the complex features are made through multiple steps. The intermediate forms did not function as well. Species possessing them were gradually competed out by selective pressures, making the bridge between these two successful ectodermal organs (e.g. reptilian scales and avian feathers) disappear. (5) At the molecular level, they share many signaling molecules, but there are also differences, which may contribute to differences in placodal fate. For example, Hh signaling is repressed during mammary placode formation, but active during feather placode formation. For each step toward evolutionary novelty, new molecular/cellular events were built upon the old, existent forms. (6) Both ectodermal organs contain stem cells and cycle. (7) The growth of mammary glands and some feathers are regulated by sex hor-mones. Both also acquired a secondary signaling function and became part of the platform for sexual selection.
This comparison is a useful and interesting exercise to appreciate the basic biology and diversity of ectodermal organs. Now let us speculate on the evolution of ectodermal organs and the formation of classes in vertebrates. In the Precambrian explosion, approximately 530 million years ago, metazoans acquired morphogenetic abilities to organize themselves into different body plans, forming many phyla [89] . For further evolution within a phylum, reorganizing the basic body plan or early organogenesis is usually fatal as witnessed by the severity of these types of congenital anomalies. Molecular signaling modules capable of generating evolutionary novelty are added in later developmental stages so the survival of the fetus is not jeopardized. Ectodermal organs sometimes are considered less essential because they are numerous and dispensable for basic survival. However, these traits and post-natal cycling of these organs, allow animal species to "safely" play with appendage structure to achieve diversity and fitness through natural and sexual selection. Species successful in forming novel ectodermal organs can venture into new niches and expand their numbers. These organs have become the cardinal characteristics of novel classes as described here. Of course, changes to the integument alone are only skin deep and less consequential. To have a broader impact the newly formed ectodermal organs must be integrated with the rest of the body. In the feather, this involves the re-arrangement of muscle, skeleton and nerves for flight [90] . In the mammary gland, hormones generally mediate communication with other organ systems. Finally, for sexual selection to take effect, ectodermal organs must appropriately stimulate the brains of prospective mates. Thus, ectodermal organs can be excellent models for Evo-Devo research [3] because of their accessibility, visibility, testability, and connection to other organs at the level of system biology. Command. C.M.C. thanks Dr. P. Cowin (NYU) for discussion on the evolution of mammary glands. We regret that due to space constraints, we were not able to cite all original publications. This paper and a companion paper in the same journal issue by the same author combines insights from a wide range of disciplines (dietetics, cell and molecular biology, zoology), to propose a new hypothesis about the evolution of the mammary gland and lactation.
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